Actinobacillus species are known to be pathogenic to horses. To clarify etiological agents of actinobacillosis in Japanese adult horses, 27 isolates from Japanese Thoroughbred racehorses putatively identified by matrix-assisted laser desorption ionization time-of-flight mass spectrometry as Actinobacillus were further identified by PCR of the A. equuli toxin gene, by CAMP test, and by 16S rRNA sequencing analysis. Actinobacillus equuli subsp. haemolyticus was isolated most frequently (16/27) and was related to respiratory infections. Actinobacillus equuli subsp. equuli (4/27) was isolated from chronic cases or concomitant with other bacterial infections. The remainder were A. pleuropneumoniae, unclassified Actinobacillus species and Pasteurella caballi. Actinobacillus equuli including subsp. haemolyticus and subsp. equuli were the species most frequently isolated from equine actinobacillosis in Japan.
doi: 10.1292/jvms. To clarify etiological agents of actinobacillosis in adult race horses, we characterized Actinobacillus species isolated from Japanese Thoroughbred racehorses.
The 27 bacterial isolates used in this study were obtained from 27 Thoroughbred racehorses (9 were 2 years old, 14 were 3 years old and 4 were 4 years old) between 1996 and 2015 ( Table 1 ) and were kept at −80°C until use. Of the 27 cases, 6 cases (NE-2, NE-134, NE-144, NE-146, NE-155, and NE-185) were necropsied cases and the other 21 were clinical cases ( Table 1) .
The isolates were putatively identified as Actinobacillus species by matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS) performed on a MALDI Biotyper (Bruker Japan, Yokohama, Japan) according to the manufacture's instruction with database version 8.0.0.0. The species listed under MALDI-TOF MS in Table 1 are the best-match species presented by MBT Compass software (Bruker Japan).
The isolates identified by MALDI-TOF MS were then examined by analysis of the 16S rRNA sequence analysis, RTX gene PCR and CAMP activity as follows. 16S rRNA sequencing analysis was performed in accordance with published methods [8, 9] by sequencing 1,500 bp PCR products amplified with primers: 27F, 5′-AGAGTTTGATCMTGGCTCAG-3′ and 1525r, 5′-AAGGAGGTGATCCAGCC-3′. The obtained sequences were compared with published 16S rRNA gene sequences by using EZbiocloud (https://www.ezbiocloud.net) [24] and identified according to the guidelines of the Clinical and Laboratory Standards Institute [6] . The isolates were identified in the species level when the obtained sequences matched the reference sequence of type strain with over 99.0% identity and greater than 0.8% separation from other species, or identified in the genus level when the sequences matched the reference or valid sequences with 97.0-98.9% identity. To determine the presence of the RTX gene, Aqx-specific PCR based on the aqx gene, or Apx I-IV-specific PCR based on the presence of apxI-IV genes were performed as described previously [1, 7, 25] , using bacterial genomic DNAs extracted by InstaGene Matrix (Bio-Rad, Hercules, CA, U.S.A.). For analysis of CAMP activity, a CAMP test using a Staphylococcus aureus streak on a sheep blood agar plate was performed. The isolates were finally identified comprehensively according to the results of MALDI-TOF MS identification, 16S rRNA sequence analysis, PCR of RTX gene or CAMP test gene sequencing.
The final identification of each isolate is described in Table 1 . Of the 27 isolates, 16 (59.3%) were identified as A. equuli subsp. haemolyticus which were aqx-positive and 4 (14.8%) were A. equuli subsp. equuli which were aqx-negative. Of the remaining isolates, 2 (7.4%) were A. pleuropneumoniae, 2 (7.4%) were identified as Actinobacillus species but unclassified at the species [4] , 16S rRNA sequencing analysis might have some difficulty in identifying certain Actinobacillus species. With the PCR of RTX, four isolates were aqx-negative and only apxIBD-positive, which suggested that these isolates had the operons apxI. NE-146 and NE-159 were also apxIV-positive, therefore they were identified as A. pleuropneumoniae. Further studied are needed for final identification of the strains that could not be identified in this study.
Of the 16 isolates identified as A. equuli subsp. haemolyticus, 9 isolates were isolated from cases with pneumonia, 4 were isolated from cases with shipping fever, 2 were isolated from cases with guttural pouch infection, and 1 was isolated from an abscess. In this study, A. equuli subsp. haemolyticus was the most frequently isolated from Thoroughbred racehorses in Actinobacillus species, and most of them were isolated from the respiratory tract. Recent study in the United States reported that A. equuli subsp. equuli was the most frequently isolated from adult horses [15] , which showed different result from in this study. Although A. equuli subsp. haemolyticus is thought to be part of the normal flora of the equine oral cavity and has been isolated from tracheal washes [14] , this species is also reported as a cause of pneumonia in young adult horses [3] . It is reported that the diseases caused by this species usually occur together with other factors, such as viral infection or stresses resulting from training [3] , which is a situation that might have occurred in our cases.
Isolates identified as A. equuli subsp. equuli in this study were derived from horses with thrombosis, phlebitis, endocarditis, or stone bruise. Although A. equuli subsp. equuli is known to be a pathogen of newborn foals, it is often isolated from adult horses [15] . In this study, A. equuli subsp. equuli was isolated from 4 young adult horses, 3 of which were necropsied cases that might have had another chronic disease or bacterial infection before infection with A. equuli subsp. equuli. The case from which NE-134 was isolated had been treated earlier for colitis before finally being euthanized because of his poor condition. During the necropsy, not only A. equuli subsp. equuli but also Escherichia coli, Staphylococcus xylosus, Staphylococcus aureus, and Streptococcus equi subsp. zooepidemicus were isolated from the thrombus (data not shown). The other 2 necropsied cases were euthanized because of poor condition following acute laminitis (case of NE-155) or endocarditis (case of NE-185), and A. equuli subsp. equuli was the sole bacterium isolated from these 2 cases. In adult horses, A. equuli infections occur rarely or are limited to cases with some other concomitant disease or predisposing factor [18, 22] . Our cases from which A. equuli subsp. equuli was isolated might each have suffered from another disease before Actinobacillus infection.
Actinobacillus species that produce RTX toxin show co-hemolytic (CAMP) activity towards erythrocytes [12] ; however, some of the isolates in this study showed a contradiction between the results of the PCR of aqx analysis and the CAMP tests. One of the aqx-positive isolates (NE-60) did not show CAMP activity, and 3 isolates (NE-134, NE-185, and NE-240) were CAMP positive without possessing the aqx gene. The same phenotype has been reported for an Actinobacillus equuli strain isolated from a rabbit, in which there was a positive reaction in the CAMP test but where the aqx gene was not detected by PCR because of a DNA mutation in the primer binding site [16] . The isolates in our study might need further research to elucidate the reason for contradiction between aqx PCR and CAMP test in this study. Furthermore, aqx-positive CAMP test-negative isolate (NE-60), which was identified as [A.] rossi with MALDI-TOF MS, might be the variant of A. equuli subsp. haemolyticus.
Two isolates were identified as A. pleuropneumoniae (NE-146 and NE-159) and two isolates (NE-2 and NE-23) were unclassified Actinobacillus species, and there was no consistency about their source or year of isolation. Even though these 4 isolates were not able to be identified by 16S rRNA sequence analysis, 3 of them (NE-23, NE-146 and NE-159) had high similarity with A. lignieresii or A. pleuropneumoniae. A. lignieresii or A. pleuropneumoniae-like species have previously been isolated from horses: A. lignieresii has been isolated from the oral cavity of horses [5] , and is reported to be a pathogen of equine cellulitis [2] , and A. pleuropneumoniae-like species has been isolated from barren horses and horses with osteomyelitis [15] . In order to accurately discuss the pathogenicity of these Actinobacillus species, it will be necessary to isolate them from more cases.
In this study, it was clarified that A. equuli including subsp. haemolyticus and subsp. equuli was the primary cause of actinobacillosis in Thoroughbred racehorses in Japan. Each of the 2 subspecies showed different clinical states respectively. ACKNOWLEDGMENTS. We thank our lab staff, Ms. M. Tezuka and Ms. F. Yomogida, for their technical support.
